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Operating a solar cell under thermal stress at temperatures >100C
and up to 500C seems counterintuitive because conversion effi-
ciency drops dramatically. Even so, there are cases in which solar
cells are in high-illumination high-temperature conditions, for
near-the-sun spacemissions and in various terrestrial hybrid systems
involving solar-to-thermal energy conversion. This review analyzes
the progress of solar cells tested in the laboratory under thermal
stress. The fundamental physics governing the thermal sensitivity
of solar cells and the main criteria determining the ability of semi-
conductor materials to survive high temperatures are recalled. Ma-
terials and architectures of a selection of the solar cells tested so far
are examined. Deviation from the Shockley-Queisser limit at each
temperature is used for a fair assessment of the performances.
Our analysis reveals the strengths and weaknesses of the existing
technologies and the gaps to be filled to develop new classes of so-
lar cells capable of withstanding high temperatures.1IES, Univ Montpellier, CNRS, 34095 Montpellier,
France
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A priori, it is not advisable to operate solar cells at high temperature. The reason is
simple: conversion efficiency drops with temperature.1 In spite of this, there are
cases in which solar cells are put under thermal stress (Figure 1). First, solar arrays
used in near-the-sun space missions are subjected to multiple adverse conditions.2
Closeness to the sun means high illumination, as in the case of concentrating photo-
voltaics (CPVs) on Earth. However, in space, one can only have recourse to thermal
radiation for dissipating heat, and spacecraft may even be subjected to additional
planetary infrared radiation, as is the case for the missions to Mercury.3-5 As a result
of a high-illumination high-temperature (HIHT) environment, solar arrays for near-
the-sun space missions are designed for reaching equilibrium temperatures typically
>130C6 and possibly much higher.7 Second, with the aim of better harvesting solar
radiation on Earth, hybrid systems couple solar cells with devices involving solar-to-
thermal energy conversion.8,9 Hybrid photovoltaic-thermal (PV-T) collectors
combine PV cells with a solar-thermal converter in which thermal energy is harvested
by a solar absorber exchanging heat with a moving fluid.10 Even though most com-
mercial PV-T collectors operate at fluid temperatures ranging from 40C to 80C,11
an increasing number of designs extend this range up to 100C–250C.12 Hybrid
photovoltaic-thermoelectric (PV-TE) electricity generators combine a solar cell
with a thermoelectric generator (TEG) to complement solar-to-thermal with solid-
state thermal-to-electrical energy conversion.12-14 Interestingly, certain simulations
show an optimal paring at a temperature of 450 K (177C),15 hence, putting the so-
lar cell under thermal stress. Hybrid photovoltaic-thermal concentrated solar power
(PV-CSP) systems generate electricity with solar cells and a solar-to-thermal energy
converter combined to a heat engine.8 Among 3 possible configurations, 1 is with
the PV cells operating at very high temperature, around and R400C.16Cell Reports Physical Science 1, 100267, December 23, 2020 ª 2020 The Authors.
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Figure 1. Solar Cells Operating under Thermal Stress
(A) Spatial solar cells in a high-illumination high-temperature (HIHT) environment.
(B–D) Terrestrial hybrid systems combining solar cells under thermal stress and devices involving
solar-to-thermal energy conversion. (B) photovoltaic-thermal (PV-T), (C) photovoltaic-
thermoelectric (PV-TE), and (D) photovoltaic-thermal concentrated solar power (PV-CSP) systems.
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is large in ideal conditions,17 in practice, solar cell conversion efficiency drops with
temperature largely because of the non-fundamental losses.18 A current challenge
for conventional solar panels is to mitigate their thermal losses19 in climate condi-
tions in which their operating temperature does not exceed 70C.20 It follows that
the challenge for fabricating solar cells supposed to optimally operate at tempera-
tures from at least 100C up to 550C, either for near-the-sun space missions or in
hybrid converters, is even greater.
In the present article, a state-of-the-art of solar cells operating under thermal stress,
at temperatures >100C, is established. In the following section, physics governing
the sensitivity to temperature of solar cells is summarized, with an emphasis on the
critical elements for pushing the limits to high-temperature levels. Then, materials
and architectures selected thus far for testing solar cells at high temperature are
described. The final section provides an overview of the performances of these solar
cells in controlled laboratory conditions. Throughout the text, some key points for
designing, fabricating, and testing these solar cells are highlighted.TEMPERATURE SENSITIVITY OF SOLAR CELLS IN A NUTSHELL
The base configuration for understanding the physics of the temperature sensitivity
of solar cells is the so-called Shockley-Queisser (SQ) model. It defines an ideal situ-
ation with specific assumptions that sets an efficiency limit for solar cells.21. Having
the meaning of this limit in mind, the fundamental losses can be calculated as a func-
tion of cell bandgap for a standard illumination22 (Figure 2). An analysis of the
dependence of these losses on cell temperature leads to determine how the ideal
(SQ) limit is affected.1,18. In this frame, for a given bandgap, the ideal efficiency is
a decreasing function of temperature, because radiative recombination rises expo-
nentially with temperature. However, the bandgap of semiconductors varies with
temperature (commonly through the so-called Varshni’s equation27), meaning that2 Cell Reports Physical Science 1, 100267, December 23, 2020
Figure 2. Shockley-Queisser (SQ) Efficiency Limit as a Function of Bandgap Energy and
Temperature
(A) Under 1-sun illumination.
(B) Under 100-sun illumination.
The black lines depict the bandgap energy (Eg) variations with temperature of selected
semiconductors, with data from Vaǐnshteǐn et al.23 (Ge), Green24 (Si), Galeckas et al.25 (6H-SiC), and
Vurgaftman et al.26 (GaAs, InP, GaP, 2H-GaN).
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higher temperatures. All the same, the SQ limit depends on illumination, hence
on concentration (see, e.g., Zeitouny et al.28) and the spectrum.29 As a result, a
first-choice best bandgap based on the SQ limit requires us to consider both illumi-
nation and temperature.
This being stated, real solar cells do not operate at this ideal limit and certain losses
must be added to the SQ fundamental ones.30 In a nutshell, these losses come from
non-ideal absorption, non-radiative recombination, and electrical resistance ef-
fects.1,21,30 A recent state-of-the-art of solar cells shows how far from the ideal the
current PV technologies are in the standard test conditions (STCs, i.e., under the
AM1.5 spectrum illumination and with the cell operating at 25C).30 However,
what matters in the present analysis is that these operational losses are also depen-
dent on temperature.18 Detailed balance analyses provide expressions of current
and voltage losses and exhibit, at least, a linear dependence on cell tempera-
ture.1,30,31 In general, since cell performances are assessed in the so-called STCs,
their sensitivity to temperature is rated with respect to them with a temperature co-
efficient.18 This coefficient assumes that the performance parameter (open-circuit
voltage, short-circuit current, power at the maximum power point, conversion effi-
ciency) varies linearly between the reference temperature (25C) and the larger oper-
ating temperature. Hence, if these temperature coefficients make sense for temper-
atures not too different from 25C, then they are less relevant for cells under thermal
stress operating at temperatures ranging from 100C to around 450C. The core
meaning of this statement is that it seems more appropriate to estimate the funda-
mental and operational losses at the functioning temperature than their variations
with respect to those at 25C.
Notwithstanding this, general trends valid for small temperature differences can be
useful for analyzing the existing solar cells that were tested in the laboratory at tem-
peratures >100C. Details about these trends are not given in the text following,
since they are available elsewhere.1,18 First, it is well known that the efficiency
drop with temperature is largely governed by that of the open-circuit voltage, in
which generation and recombination rates annihilate each other. In the field, the
thermal stress is mainly caused by an illumination >1 sun, meaning that the cell isCell Reports Physical Science 1, 100267, December 23, 2020 3
Figure 3. Intrinsic Carrier Concentration of Mainstream Pure and Binary Alloy Semiconductors at
300 K
Data from Piprek34 and Hassan et al.35 for SiC and GaN, respectively.
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voltage logarithmically rises with the concentration factor.32 Hence, the decrease
in open-circuit voltage caused by a growing recombination rate with temperature
is somehow counter-balanced by the increasing generation rate provided by con-
centration. Second, in the frame of the single diode model, it is known that the
dark saturation current sensitivity to temperature also plays a major role in the
decrease of the open-circuit voltage.1 Even though multiple recombination sce-
narios are possible (radiative, Auger, Shockley-Read-Hall, surface), the recombina-
tion current is roughly proportional to the intrinsic carrier density.33 As a result,
the intrinsic carrier concentration of semiconductors and its temperature depen-
dence are major parameters to consider for making solar cells operational at high
temperatures. Figure 3 shows that the intrinsic carrier concentration of semiconduc-
tors is a decreasing function of bandgap. Even though this concentration rises
slightly more with temperature as the bandgap increases (in exp(2Eg/(kT)), where
k is the Boltzmann constant and T is the cell temperature), the higher the operating
temperature, the larger the bandgap needs to be. An elementary analysis based on
stating that a cell becomes unusable when the intrinsic carrier concentration exceeds
1015 cm3 provides a temperature threshold above which survivability of the cell is
compromised.2 This limit is 200C for Si, 350C for GaAs (below this value for In-
GaAs ternary alloys), and between 300C and 800C for InGaP and AlGaAs
ternary alloys.2 However, if high-bandgapmaterials are required for solar cells under
thermal stress, this is at the expense of current and, consequently, of efficiency,
which both collapse due to the reduced collection of the solar spectrum for electrical
power generation (see Figure 2).
For temperatures not too much above ambient, the dependence on temperature of
the short-circuit current and the fill factor is less of a concern than that of the open-
circuit voltage. Except for some perovskites, the bandgap of semiconductors de-
creases with temperature, and thus it is generally expected that the short-circuit cur-
rent follows the opposite trend.18 However, it should be remembered that external
quantum efficiency varies with temperature,36 as the result of changes in optical and
electrical properties. In the case of solar cells under thermal stress, it has been pre-
viously shown that, on the one hand, concentration is required for raising the tem-
perature, thus increasing current, but on the other hand, wide bandgaps are recom-
mended to withstand high temperatures, thus decreasing current. Hence, the short-
circuit current of solar cells that would be designed for operating in the field under4 Cell Reports Physical Science 1, 100267, December 23, 2020
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rent level has a direct impact on the series resistance losses and thus on the fill factor.
By considering the case in which resistance losses are negligible, the fill factor
(generally noted FF0) is favored by large bandgaps, while high temperature is detri-
mental.37 Much less clear are the variations with temperature of shunt and, more
important, series (at the contacts, in the metallic grid) electrical resistances,18,36
and which temperature levels can be withstood without degradation2. Finally, the
case of junctions connected in series is more complex to deal with because the cur-
rent limiting sub-cell may change with temperature,38 meaning that defining the ar-
chitecture (bandgap, thicknesses of sub-cells) cannot obviously be optimum over a
wide temperature range.
After this overview on sensitivity to the temperature of solar cells, it can be
concluded that a lot of temperature-dependent physical parameters are involved,
and predicting performances at high temperatures is definitely not a simple task.
General trends can be identified, even though they sometimes have opposite ef-
fects. In this context, the next section describes thematerials and architectures of so-
lar cells that were tested in the laboratory at temperatures >100C.
MATERIALS
In Table 1, a list of selected solar cells tested in laboratory conditions under thermal
stress is provided. The first column enumerates 12 single-junction cells with
decreasing bandgap values, 1 double-, and 3 triple-junction cells. The test temper-
atures or temperature ranges, given in the second column, usually vary from room
temperature (RT: 25C) up to a maximum of 600C (1 case), and mostly <400C.
For 6 of the 16 cases, the illumination is without concentration as shown in the third
column. It is worth noticing that in cases with concentrated illumination, the concen-
tration factors are moderate (<300), except in 4 cases, where they reach up to 1,000
and 1,500. It is very important to be aware that the tests are with both the cell tem-
perature (T) and the concentration factor (X) controlled in the experimental setups.
Hence, comprehensive analyses can be carried out. However, in real conditions,
the cell temperature is a result of the illumination and thermal exchange operating
conditions,31 specific to each of the four applications identified in the first section
(space missions or terrestrial hybrid systems, see Figure 1). This means that cases
without any solar concentration and high testing temperatures are not in correspon-
dence with any of the four applications mentioned above. Nevertheless, these
particular cases still contribute to capitalizing knowledge on the behavior of these
solar cells under thermal stress. In the following, the materials used for light absorp-
tion and charge generation, the front and back contacts, and the antireflection coat-
ings (ARCs), are analyzed in detail. In particular, the effects of high operating tem-
peratures (>100C) on the properties critical for a proper functioning of the solar
cells, are discussed.
Semiconductor Materials and Cell Architectures
The high-bandgap single-junction cells (2.45–3 eV) are made of SiC39 and GaN,40-45
both appropriate for withstanding very high operating temperatures thanks to their
very low intrinsic carrier concentration at 300 K (Figure 3). As already mentioned,
such a choice is at the expense of conversion efficiency, which is only a few percent,
especially for moderate concentration factors (see Figure 2B). Almost every cell in
the table made of GaN is in fact a p-i-n GaN structure, in which the intrinsic layer
is constituted of multiple quantum wells (MQWs) formed by alternating GaInN/
GaN nanolayers, thus allowing bandgap tuning. The 5 single-junction solar cells
with intermediate bandgap values (1.4–2 eV) are either made of (Al)InGaP46-48,63Cell Reports Physical Science 1, 100267, December 23, 2020 5
Table 1. Selected Solar Cells Tested in Laboratory Conditions under Thermal Stress (at Temperatures T above 100C), without or with Concentration (Factor X)
Cell type T (C) X Compound (Eg @ 300 K [eV]) Substrate ARC Front and Back Contacts Growth Size Ref.
Single RT–275 1–150 6H-SiC (3.0) n on p and p on n SiC none F: Ti/Al/Au/Pt; B: Au/Al NS 0.48 cm2 39
Single with
MQW




RT–427 1 GaN p-i-n with i-QW Ga0.85In0.15N/
GaN




(z) RT–500 1; 300 GaN p on n with i-QW GaInN/GaN
(2.75–2.95)
sapphire ITO F: Ti/Pt/Au MOCVD 2.5 3 2.5 mm2 (z) 42
(






400, 450, 500 1 GaN p-i-n with i-QW Ga0.84In0.16N/
GaN




RT–500 1 GaN p-i-n with i-QW GaInN/GaN
(2.45–2.85)
GaN none NS MOCVD NS 45









) F: Ti/Pt/Al/Pt; (

) B: Au (

)48
Single 70 to 125 1–150 GaAs (1.42) GaAs Ta2O5/MgF2 NS NS NS 49 (+50)
Single RT–450 1 GaAs (1.42) GaAs none NS MOCVD 1 cm2 51




F: Au/Pt/Al/Pt/Ti ; (







Single RT–500 1 GaAs (1.42) GaAs TiOx/Al2O3 NS MBE 30.53 mm
2 52
Single RT–250 1 (Al)GaSb (0.72, 0.88, 1.30) GaSb none F: Ti/Pt/Au MBE 0.5 3 0.5 cm2 53
B: Ni/Ge/Au/Pt/Au
Double RT–400 (z) 1; 300–1,000 (Al)GaInP (2.0)/GaAs (1.42) GaAs (*)(

) TiO2/Al2O3




)(*)F: Ti/Pt/Al/Pt MOVPE NS (z)54
(

)(*) 1; 20–1,500 or (*) F: Ti/WTi/Ag/Ti (

)55
or (*) F: Au; (

) B: Au (*)56
Triple 30–240 1–14 In0.49Ga0.51P (1.86)/In0.01Ga0.99As
(1.40)/Ge (0.65)
Ge yes (NS) F: n-GaAs/Ag MOCVD 1 cm2 57
B: Ag
Triple RT–125 1–1,000 GaInP (1.8)/GaAs (1.4)/InGaAs (1.0) GaAs
(removed)
ZnS/MgF2 F: Se-doped GaInNAs/Au MOVPE 0.1 cm
2 58 (+59,60)
B: Au
Triple 50, 100, 150,
180, 230
1; 8 (rem: AM0) GaInP/GaAs (1.42)/Ge (0.65) NS MgF2 (+ cover glass,
UV cutoff)
NS NS 40 3 37.72 mm2 61 (+62)
Main parameters in terms of materials (architecture, substrate, antireflection coating layers, front and back contact layers), layer deposition technique, and size. ITO, indium tin oxide; LPE, liquid phase epitaxy;
























































OPEN ACCESSReviewor GaAs.46,48-50,52 It is worth noticing that GaAs seems to be an optimal choice for
temperatures : 150C–200C (Figure 2B), hence, for hybrid PV-T and PV-TE systems.
Since InGaP is capable of withstanding temperatures >350C2, it seems to be appro-
priate for hybrid PV-CSP systems. By tuning the In-Ga composition, a thermal break-
down can be avoided while minimizing the efficiency drop expected for bandgaps
>1.4 eV at 500C, even if concentration factors are >100 (see Zeitouny et al.,28 in
which the SQ efficiency limit is calculated for X = 1,000). The next case down in
the table is a GaSb cell (Eg = 0.72 eV at 300 K). A low bandgap being a major hand-
icap for high temperatures, Al is added to reach higher bandgap values (up to 1.3
eV).53 There is only one dual-junction cell, made of a stack of (Al)GaInP (2 eV) on
GaAs (1.42 eV) and tested at temperatures ranging from RT to 400C, without or
with concentrations up to X = 1,500.54-56 The listed 3 triple-junction cells are
made of InGaP/InGaAs/Ge57 and InGaP/GaAs/Ge61 stacks designed for near-the-
sun space missions (T up to 240C, X up to 14), and 1 inverted metamorphic In-
GaP/GaAs/InGaAs architecture,58,59 tested for CPVs under moderate thermal stress
(T up to 125C, X up to 1,000). It is interesting to note that Si, CIGS (copper indium
gallium selenide), CdTe, and perovskite are not in the table. Even though Si is the
mainstream PV technology, it is not appropriate at high temperature because of
its high intrinsic carrier concentration (Figure 3) and non-optimal SQ efficiency
compared to GaAs (Figure 2B). When the temperature rises, CIGS and CdTe solar
cells seem to be subject to the migration of elements, causing shunt paths. Perov-
skite cells are probably not mature enough in the STC for being tested at high
temperatures.
In Table 1, bandgaps at 300 K are provided. Their variations with temperature are
critical, in particular for multi-junction cells, which require current matching. It is
essential to note that material composition can change since thermal exposure
may lead to (1) the diffusion of dopants,64 inducing layer thickness variations and
dopant mixing in the space charge region; (2) the decomposition and/or outgassing
of volatile components of the semiconductor compounds.2
In the case of multi-junction solar cells, tunnel junctions (TJs) act as transparent and
conductive structures to provide an ohmic interconnection between the sub-cells. A
wealth of information about TJs is available in a review article by Colter et al.65 In
particular, the impact of annealing on TJs is addressed (bearing in mind that their
optimum growth temperature is lower than that used for the rest of the multi-junc-
tion cell elements). Initially, the deterioration induced by a thermal exposure was
attributed to dopant inter-diffusion at the junction. However, studies aiming at
substituting fast diffusing dopants by slower diffusing ones remain inconclusive.65
It would therefore indicate that inter-diffusion of dopants is not a major concern.
The experimental results of multi-junction at high temperature do not exhibit any
sign of limitation attributable to the TJ (any specific spike on the current-voltage
(I-V) characteristic, as observed under concentrated light in Braun et al.66 and Vossier
et al.67). In addition, at high temperature, the sheet resistance of the top layer de-
pends on its composition.55 In the following, the performance of contacts under
thermal stress is discussed in detail.
Contacts
A high-performance electrical contact at a metal-semiconductor junction should
allow the flow of electrical charges while minimizing the voltage drop. In other
words, it requires a non-rectifying low-resistive interface. The potential barrier at
this interface is usually described by the Schottky model.68 According to this theory,
the barrier height depends on the semiconductor electron affinity and the metalCell Reports Physical Science 1, 100267, December 23, 2020 7
Figure 4. Conduction Mechanisms at the Metal-Semiconductor Interface as a Function of the
Doping Level, and Their I-V Characteristics
Adapted from Schroder68 and Sze & Ng76.
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depletion-type contact is generally formed. The barrier height is relatively indepen-
dent of the metal work function due to surface states at the interface. In practice, the
barrier is modified by tuning the semiconductor doping level, which affects the bar-
rier width. In the literature, the involved conduction mechanisms are classified ac-
cording to the doping level. Thermionic emission, thermionic-field emission, and
field emission mechanisms occur for low, medium, and heavy doping levels, respec-
tively. These mechanisms and their I-V characteristics are illustrated in Figure 4. The
previously mentioned mechanism is the most favorable, as it provides an ohmic con-
tact with a linear and sharp I-V characteristic at about V = 0 V, which corresponds to a
low specific contact resistivity. For each conduction mechanism, the specific contact
resistivity can be described by empirical equations that depend on temperature.68
However, this temperature dependence usually has a simple form because the spe-
cific contact resistivity is much more dependent on the doping level and surface
states. For temperatures >300 K, the temperature dependence cannot be general-
ized and thus must be evaluated on a case-by-case basis from experiments.
Furthermore, the experimental results on (Al)GaInP/GaAs tandem cells55 show that
minimization of the specific contact resistivity is not sufficient. They indicate that the
sheet resistance increases with temperature and becomes detrimental to the cell
performance (particularly the voltage at the maximum power point) at high8 Cell Reports Physical Science 1, 100267, December 23, 2020
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under solar concentration. This is because they are proportional to the series resis-
tance of the device and the current squared. For this reason, each contribution to the
series resistance must be minimized for high-temperature operating conditions. The
tradeoff between the lateral resistance and the grid shadowing must be reassessed.
For a fine optimization of the grid shape, a 3-dimensional distributed electrical cir-
cuit modeling69 can be used. This model is applicable to single- and multi-junction
solar cells.70 Thus far, the temperature dependence is accounted for in the model of
each diode, but not for the network of resistances.
For high-temperature operating conditions, the stability of contacts is crucial. The
metals used for the contacts should have a melting point temperature that is higher
than the operating temperature. Under thermal stress, metals can diffuse or form al-
loys with semiconductors, leading to permanent damage caused by a shunting of
the junction.2 Refractory metals are known for being extremely resistant to temper-
ature. A few articles report on the use of refractory metals for solar cells, mainly made
of tungsten alloys (WN or WTi), that are conductive and act as a barrier to prevent
interactions with the underlying semiconductor.55,63 However, refractory metals
are not mandatory, since standard metals (Ag, Al, Au, Ni, Pd, Pt, and Ti), already
used for solar cells put under thermal stress, have a high melting point (>660C).
Experimental assessments at temperatures up to 450C of solar cells with contacts
made of those standard metals are reported in Table 1. Details about the metalliza-
tion contacts are provided in the seventh column. It can be noted that when a stack of
4 metallic layers (Ti/Pt/Al/Pt) for the n-type contact and an Au layer for the p-type
contact are used, cell performance is stable up to 450C. In this particular case,
compared to common metal stacks reported for CPV applications, an additional
layer (of Pt or Ti) is deposited on the top to prevent the underlying Al layer from
oxidizing.
ARCs
Under thermal stress, stability of the ARC is another main concern. A very limited
number of studies report on this matter (see the sixth column in Table 1). Thanks
to a good stability up to 600C, indium tin oxide (ITO), deposited by reactive e-
beam evaporation and post-annealed in dry air at 500C, is used for the GaN
cells.41-44 Interestingly, three bilayers were investigated by Steiner et al.56: ZnS/
MgF2, Ta2O5/MgF2, and TiO2/Al2O3. Cell performances decline significantly
at 400C with the ZnS/MgF2 and Ta2O5/MgF2 bilayers, whereas the TiO2/Al2O3
coating is stable. However, the TiO2/Al2O3 bilayer is the source of parasitic ab-
sorption at short wavelengths under high-temperature operating conditions.55
PERFORMANCE
Testing Procedures
Standard solar cell testing procedures consist of measuring the I-V characteristics
under dark and 1-sun illumination conditions and the external quantum efficiency
(EQE). In the so-called STCs, the cell temperature is kept at 25C, typically by using
a Peltier module. For larger temperatures, particularly >100C, a more sophisti-
cated control of the cell temperature and its environment is required. The use of
a HFS600E-PB4 temperature-controlled stage, from Linkam Scientific Instruments,
is systematically reported in the literature. This stage allows us to perform electro-
optical measurements on cells whose temperature is controlled from 25C to
600C in a N2 environment (to prevent oxidation).
46 It is worth noting that reflec-
tion and absorption by the stage window must be considered in the data
processing.Cell Reports Physical Science 1, 100267, December 23, 2020 9
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sensitive task due to the bandgap shift of the sub-cells and intensity spikes in the
lamp spectrum.54 The spectrum of the solar simulator must be adjusted at each tem-
perature in conjunction with the external quantum efficiency curves and calibrated
reference photodiodes. Additional lamps, typically brightness-adjustable light-
emitting diodes (LEDs), are used for this purpose. More details on this calibration
procedure are available in Steiner et al.58 For the measurements under light concen-
tration, a flash lamp is commonly used to avoid the self-heating of cells. This type of
lamp allows better control of the cell temperature. However, the spectrum adjust-
ment remains a challenge, as it can induce a significant error in the evaluation of
the fill factor.54
The measurement of quantum efficiency also requires special care in the case of
multi-junction solar cells. The sub-cells, usually connected in series, must be tested
under short-circuit conditions. To do so, light biasing is used to ensure that the sub-
cell under test delivers the lowest current. In addition, a voltage bias is applied to
counterbalance the ones produced by the non-tested sub-cells (illuminated in the
optical bias conditions). Detailed procedures and typical measurement artifacts
for tandem and triple-junction solar cells are described by Burdick and Glatfelter71
and Meusel et al.,72 respectively. It is worth noting that the light and voltage biases
must be readjusted at each temperature.
Performance Analysis for SiC and GaInN/GaN Cells
The case of 6H-SiC cells39 is very specific because of the large bandgap (3 eV at 300
K, still 2.96 eV at 275C, the largest tested temperature). It follows from SQ efficiency
limit calculations as a function of temperature and concentration factor (see exam-
ples in Figure 2) that a maximum efficiency of a few percent can be hardly expected.
Unfortunately, for these first-ever fabricated SiC solar cells, the best value is <0.25%
at 25C and X 150, partially explained by a fill factor <0.5 (50%). Better perfor-
mances are awaited with the GaInN/GaN MQW cells, owing to the possible
bandgap tuning down to 2.45 eV.43,45 This is indeed the case, with a measured ef-
ficiency of 1.9% at RT, decreasing to 0.4% at 600C under 1-sun illumination in the
work described by Williams et al.43 Figure 5 shows an analysis of the experimental
data versus the SQ efficiency limit calculated for each tested temperature. It is strik-
ing to observe that since the measured bandgap decreases from 2.88 eV at 25C to
2.64 eV at 600C, the SQ efficiency is almost unchanged (the drop is only an absolute
0.3%, from 6.1% to 5.8%). However, for the measured efficiencies, the drop is an
absolute 1.5%, but from 1.9% at 25C (31.4% of the SQ limit) down to 0.4%
(only 6.9% of the SQ limit). This means that if luckily the absorber material bandgap
changes in such a way that the ideal efficiency remains almost the same, the perfor-
mance of the fabricated cell further deviates from the optimal one when the temper-
ature increases. The causes of such deviations are multiple (Temperature Sensitivity
of Solar Cells in a Nutshell) and are usually investigated by analyzing additional
experimental data, such as the EQE, and the typical figures of merit: short-circuit cur-
rent (Jsc), open-circuit voltage, and fill factor values extracted from the I-V curves. In
the case of GaInN/GaN MQW cells, as the temperature increases, these are large
leakage currents in reverse bias in the dark and smaller series resistances,45 EQE
drops at small wavelengths possibly due to filtering by the top p-doped GaN
layers,43 while performance stability is observed under thermal stress in Huang
et al.44 It is worth mentioning other measurements on GaInN/GaN MQW cells
showing slight efficiency improvements, from 0.46% (25C) to 0.59% (250C) in
Zhao et al.40, and from 0.6% (26.9C) to 1.5% (376.9C) in Lien et al.,41 and then it
drops at higher temperatures. Interestingly, these improvements are somehow10 Cell Reports Physical Science 1, 100267, December 23, 2020
Figure 5. Analysis of the Efficiency of InGaN/GaN Multiple Quantum Well Solar Cells Tested
under 1-Sun Illumination as a Function of Temperature
Data from Williams et al.43 The lines are the SQ maximum efficiencies calculated for each of the
tested temperatures. The circles are the SQ efficiencies calculated at the bandgaps experimentally
determined at each temperature. The triangles are the measured efficiencies. The percentages
indicate the fraction of the SQ efficiency reached by the tested cell.
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OPEN ACCESSReviewpredicted by SQ calculations for large bandgaps (see Figure 2B for GaN and Fig-
ure 5), especially when the bandgap reduction with temperature is substantial. How-
ever, as already stated multiple times, with these high-bandgap (>2.5 eV) cells, the
efficiency is not optimal because of current limitations, even under concentration
(see, e.g., Zeitouny et al.28).Performance Analysis for (Al)GaInP and GaAs Cells
Better performances are expected with the 6 single-junction solar cells with interme-
diate bandgap values (1.4–2 eV) either made of (Al)GaInP46-48,63 or GaAs.46,48-50,52
The analysis focuses first on the open-circuit voltage since it is the figure of merit that
is the most sensitive to temperature (Temperature Sensitivity of Solar Cells in a
Nutshell). A specific reading grid, mixing ideas given in articles about the funda-
mental losses of solar cells by Hirst and Ekins-Daukes,22 the additional losses and
their variations with temperature by Dupré et al.,18 and the use of the SQ limit by
Guillemoles et al.21 for analyzing the performances of solar cells, as in the article
by Nayak et al.,30 is proposed hereafter. The main point is that if it is assumed
that the solar spectrum is that of a blackbody at temperature Ts and using Boltz-
mann’s approximation of the Planck functions, then the open-circuit voltage of a so-
lar cell at temperature T operating in the SQ limit ðVSQoc Þ can be calculated using22






















where Uabs and Uemit are the projected absorption and emission solid angles (with
Uabs (X) = XUabs ) and g (E,T) = (2kT/(c
2h3))(E2 + 2kTE + 2k2T2). The dependence ofCell Reports Physical Science 1, 100267, December 23, 2020 11
Figure 6. Analysis of the Open-Circuit Voltage of AlGaInP (Eg = 2 eV at 300 K) and GaAs (Eg = 1.4
eV at 300 K) Solar Cells Tested under Thermal Stress without Any Concentration (X = 1)
Variations of Eg, V
SQ
oc , and V
real
oc (A) and of Freal=SQ (B) as a function of cell temperature (experimental
data from Perl et al.46 and Maros et al.51). Sensitivity of the bandgap to temperature is calculated
using Varshni’s relation27 with parameters from Vurgaftman et al.26 for GaAs, and assuming linear
variations between the measured values (2.01 eV at 25C, 1.83 eV at 400C46) for the AlGaInP cell.
VSQoc is calculated using the AM 1.5 D solar spectrum to match the experimental conditions.
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OPEN ACCESS Reviewthe bandgap on temperature as well as the dependence of the absorption projected
solid angle on the concentration factor (X), required in the present analysis of solar
cells operating in HIHT conditions, are accounted for. In real conditions, multiple los-
ses must be added to these fundamental losses in such a way that the deviation of
the open-circuit voltage of the cell operating in real conditions (Vrealoc ) can be written




VSQoc ðT ;XÞVrealoc ðT ;XÞ
i
= kT lnðFMðT ;XÞÞ= kT 3 Freal=SQ (Equation 2)
where the kT multiplicative factor, Freal=SQ = lnðFMðT ;XÞÞ (R0), can be expressed as
the product of various figures of merit quantifying the deviations from the SQ as-
sumptions,21 such as non-ideal absorption of the useful photons, electron-hole
pair generation and collection, the addition of non-radiative recombination, and
resistance losses (see the details in Guillemoles et al.21 and Nayak et al.30).
This simple expression indicates the ‘‘price’’ for the open-circuit voltage of
increasing the operating temperature of the solar cells, which grows as kT (26
meV at 25C and 58 meV at 400C, see Figure 6B), in addition to the ‘‘price’’ already
paid in the SQ limit (this parameter is also proportional to the temperature of the cell,
as Equation 1 shows). Hence, when the temperature rises, it becomes increasingly
important to take up the challenge of minimizing as much as possible the multiplica-
tive factor (Freal/SQ) representing the deviations from the ideal SQ limit.
In the following, the parameters VSQoc , V
real
oc , and Freal=SQ are used to analyze the per-
formance of AlGaInP and GaAs solar cells tested at high temperature. VSQoc is calcu-
lated properly for the solar spectrum (AM 1.5 D) corresponding to the experiments
and in place of the blackbody distribution used in the previous analysis. The factor
Freal=SQ, showing how many kT (kT/q, where q is the elementary charge) away
qVrealoc ðVrealoc Þ is from qVSQoc ðVSQoc Þ, allows a fair comparison in different operating
conditions (T and X). Figure 6A shows the results for 3 cells, 1 made of AlGaInP46
and 2 made of GaAs,46,51 as a function of temperature without any concentration12 Cell Reports Physical Science 1, 100267, December 23, 2020
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bandgap reduction. The benefit of this decrease to the short-circuit current is
generally emphasized, but Eg/q is the value from which open-circuit voltage losses
pile up (see Equation 1). The SQ open-circuit voltage declines as expected (0.59
V, from 1.71 V at 25C to 1.12 V at 400C for the AlGaInP cell) because the balance
between generation and recombination is driven by increased emission with tem-
perature. The measured values are below, with a larger decline (0.94 V from 25C
to 400C) because of the additional losses. The plot suggests that the difference
between VSQoc and V
real
oc is constantly proportional to kT, but Figure 6B indicates
that this is not the case. The factor Freal/SQ varies between 6.8 and 9.2, with the
minimum at 50C and the maximum at 350C. Comparatively, the open-circuit
voltage of one of the GaAs cells is similar (7.0 % Freal/SQ % 8.1), while
the open-circuit voltage of the other is a little bit closer to the SQ limit (6.3 %
Freal/SQ % 11.1), except at 350C, where a voltage drop takes place. This analysis
demonstrates that all of these cells follow the expected decline trend, but the non-
fundamental voltage losses (non-radiative recombination) obviously become worse
as temperature rises.
The same analysis is made by adding the impact of concentration (Figure 7). Concen-
tration lowers the mismatch between absorption and emission solid angles. As a
consequence, the SQ open-circuit voltage increases as ln(X). The open-circuit
voltage of the tested AlGaInP and GaAs cells follows this trend. However, other ef-
fects are taking place since the factor quantifying the deviation from the real to the
SQ open-circuit voltage is not constant with the concentration factor. For the Al-
GaInP cell, there is an optimum at around X = 150 for all tested temperatures, except
at 400C (temperature at which Freal/SQ keeps increasing with X). Interestingly, this is
quite different for the GaAs cell, whose open-circuit voltage gets closer to the SQ
value when the concentration factor increases, until a floor value of Freal/SQ of around
4.7 is reached for X > 100 at all temperatures.
To understand the mechanisms responsible for these behaviors, device analyses can
be performed, using technology computer-aided design (TCAD) simulations50 or
diode models.48 One critical point is the physical parameters, and in particular the
temperature dependence of the intrinsic carrier concentrations and minority carrier
lifetimes that play a central role in open-circuit voltage variations. Time-resolved
photoluminescence measurements made on GaAs, GaInP, and AlGaInP samples
in the temperature range 25C–400C exhibit opposite trends for GaAs (the effec-
tive lifetime, dominated by radiative recombination, increases with temperature)
and (Al)GaInP (the effective lifetime, dominated by thermionic emission, decreases
with temperature). Hence, lifetime sensitivity to temperature must be considered for
better understanding the experimental data and proposing cell-design
improvements.
The effects of thermal stress on the short-circuit current are less critical, as expected.
Every internal quantum efficiency (IQE) and EQE measurements made on the Al-
GaInP and GaAs cells exhibit a stability with temperature on the spectral range
where the values are maximum, up to 300C–350C51 and 400C.46 In each case,
bandgap reduction caused by a temperature elevation is observed for the absorber
and emitter layer materials, and for the window layer materials (AlInP and
GaInP).46,51,52 All in all, the short-circuit current is an increasing function of temper-
ature, with drops greater than around 300C for the cells in Maros et al.51 Even
though gauging the experimental values ðJrealsc Þ against the maximum SQ values
ðJSQsc Þ is disadvantageous for the cells without ARC, it is worth noticing a stable valueCell Reports Physical Science 1, 100267, December 23, 2020 13
Figure 7. Analysis of the Open-Circuit Voltage of AlGaInP (Eg = 2 eV at 300 K) and GaAs (Eg = 1.4
eV at 300 K) Solar Cells Tested under Thermal Stress without or with Concentration
Variations as a function of cell temperature: of Eg, V
SQ
oc , and V
real
oc (A) for an AlGaInP cell, (B) a GaAs
cell, and (C) of Freal=SQ . Experimental data from Perl et al.
46 Sensitivity of the bandgaps to
temperature and VSQoc are calculated as in Figure 6.
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OPEN ACCESS Reviewof around 0.44 (0.74) for the ratio Jrealsc =J
SQ
sc from RT to 400
C (300C–350C) for the
GaAs cells in Perl et al.46 and Maros et al.51, and of around 0.62 from RT to 400C for
the AlGaInP cell in Perl et al.46 (X = 1, Voc analyzed in Figure 6). For the GaAs cells in
Maros et al.,51 this is not the same for the ratio of the fill factors FFreal:/FFSQ, which
declines linearly from 0.84 (0.75/0.90) at RT down to 0.54 (0.41/0.76) at 325C
(before dropping down to 0.36 at 350C). However, this trend is chiefly caused by
the degradation of the open-circuit voltage. The additional impact of series resis-
tance is visible in the case of GaAs cells subjected to a laser beam for analyzing
the impact of high optical injection. As a matter of fact, if the fill factor increases14 Cell Reports Physical Science 1, 100267, December 23, 2020
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around 5 to 6 A cm2, then a slight decline follows.52 The same article also shows
stable performances after annealing the cells at 400C or 450C for 200 h. Finally,
since analyses in the articles focus more on understanding the physics than on per-
formance per se, conversion efficiency is not necessarily studied closely, and thus
there is not enough material to draw fully meaningful conclusions.
Performance Analysis for (Al)GaSb Cells
The GaSb cells with the lower bandgap (0.72 at 300 K) cannot survive temperatures
>200C,53 as anticipated. The open-circuit voltage drops from 0.275 V at RT to
0.035 V at 175C. Contrary to usual, the short-circuit current decreases with temper-
ature. This is probably because, when temperature rises, the window layer (AlAsSb)
filters out photons and acts as a diffusion barrier to minority carriers. Variations with
temperature of the shunt and series resistances help to understand the deviations
from the resistance-free fill factor only driven by the ratio of the open-circuit voltage
to temperature (qVoc/kT). As expected, with the adjunction of Al and the resulting
larger bandgaps (up to 1.3 eV at 300 K), the AlGASb cells withstand higher temper-
atures. Performances above 100C are better than those of the GaSb cell despite the
handicap of a smaller RT short-circuit current, which is caused by the transition from
direct to indirect bandgap material, not counteracted by thickening the absorber.
Performance Analysis for Multi-junction Cells
The case of the (Al)GaInP/GaAs dual-junction cell is different from all of the previous
ones because of the choice to design the cell for optimal operation at high temper-
ature (400C) and high illumination (X= 1,000). This approachmakes particular sense
at least to ensure current matching between the two sub-cells at the targeted high
temperature. A remarkable result is the inversion in hierarchy in terms of open-circuit
voltage for the AlGaInP cells with different Al contents (from 0% to 12%), under con-
centration (X 1,000). At room temperature, the cell with the highest Al contents has
the largest open-circuit voltage. According to the usual temperature coefficient the-
ories, the higher the open-circuit voltage (bandgap), the lower its temperature coef-
ficient.18 This statement is correct provided that the mechanisms driving the temper-
ature sensitivity of the open-circuit voltage remain the same over the temperature
range of interest. It is not the case for the AlGaInP cells tested by Perl et al.55 at tem-
peratures beyond the usual limits: at R300C, this is the cell without Al that has the
largest open-circuit voltage. This important result is consistent with the change in
Freal/SQ with temperature observed in Figures 6 and 7, meaning that perfect linear
variations of the open-circuit voltage are quite unlikely over extended temperature
ranges. This validates the statement made in Temperature Sensitivity of Solar Cells
in a Nutshell that temperature coefficient analyses are questionable beyond a
reasonable temperature span.
Hence, GaInP is more appropriate as the top cell,55 which is the current-limiting sub-
cell at RT. However, its short-circuit current increases more with temperature than
that of the GaAs bottom cell, in such a way that current matching is reached at
around 300C. The trapezoid-shaped EQE has a stable maximum with temperature,
while shifting toward longer wavelengths. If the cause of this shift is the decreasing
bandgap for all epitaxially grown materials, the low-wavelength side redshift of the
EQE for the InGaP top cell would be due to a temperature-sensitive absorption of
the TiO2/Al2O3 ARC. The faster increase with temperature of the sheet resistance
for AlGaInP cells argues once again for the use of a GaInP top cell. In addition, by
considering that the Al grid resistance doubles from RT to 400C, it makes sense
that the fill factor declines with temperature and also above a temperature-Cell Reports Physical Science 1, 100267, December 23, 2020 15
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rent and fill factor, and the open-circuit voltage varying as ln(X) and dropping with
temperature, all in all this dual-junction cell withstands high temperatures, but at
the cost of efficiency losses, from 30.3% to 16.2% with optimum concentration
(25.4% down to 5.9% without concentration) when the temperature rises from
25C to 400C.
In the case of the InGaP/InGaAs/Ge triple-junction cell,57 the results show once
again that the slope of the open-circuit voltage decline with temperature is different
under thermal stress (170C–240C) from that in the lower temperature range (30C–
100C). Since the Ge bottom cell has a very low bandgap (0.65 eV at 300 K) and
intrinsic carrier concentration (see Figure 3), the open-circuit voltage drop with tem-
perature (up to 240C)must be counteracted by concentrating sunlight (up to X= 14,
AM1.5 G spectrum). The GaInP/GaAs/Ge triple-junction cell61 withstands 280C un-
der concentration (X = 8, AM0 spectrum). Interestingly, the way the short-circuit cur-
rent depends on the angle of incidence, to be considered for space missions, varies
with temperature.62 It is worth mentioning that annealing of this triple-junction cell
for dozens of hours at temperatures from 150C to 230C leads to recoveries of the
open-circuit voltage and the short-circuit current after damaging caused by electron
irradiation.61 The Ge-free GaInP/GaAs/InGaAs inverted metamorphic multi-junction
is expected to be less sensitive to temperature than the aforementioned triple-junc-
tion cells having a Ge bottom cell,58 due to the higher InGaAs bandgap (1.0 eV at
300 K). Tested at a maximum temperature of 126.1C, the efficiency of this cell is still
33.8%, with an optimum concentration factor of 460. A key point is that current in
each sub-cell varies with temperature, possibly in different ways, thus leading to
changes in which of them is limiting.1 In particular, the optimum bandgaps for the
middle and bottom cells must be selected considering the atmospheric absorption
bands in the solar spectrum, by avoiding that the bandgap shift does not fall in one
of these bands when the temperature increases.58Efficiency Chart
The number of solar cells tested thus far at temperatures >100C is fairly limited. Fig-
ure 8 provides an efficiency chart built with data (directly or from calculations using
other data) only available in 10 of the 16 lines in Table 1. The lowest (<1.4 eV) and
highest (>2eV) bandgap solar cells are characterized by a low efficiency (<3.2%).
The GaInN/GaN MQW cells withstand the largest thermal stress and exhibit various
and sometimes unusual temperature sensitivities. A very high concentration may
help increase efficiency, but not by very much, according to SQ limit calculations
(see Figure 2 and Zeitouny et al.28). Efficiency data for triple- and dual-junction cells,
and single-junction cells with intermediate bandgap values (1.4–2 eV), are quite
scarce for temperatures >100C. The lines connecting themeasurement data points,
added as a guide for the eyes, may lead to the perception of perfectly straight lines
connecting the points at both ends. However, the analyses proposed above have
shown that over wide temperature ranges, many physical parameters affect the per-
formances of solar cells in a way that is not just a simple linear dependence on
temperature.DISCUSSION
Solar cells used for space missions close to the sun and in terrestrial hybrid systems
involving solar-to-thermal energy conversion devices call for a better understanding
of their behavior under thermal stress. There are simple primary guidelines for se-
lecting the materials able to survive high temperatures. The semiconductor16 Cell Reports Physical Science 1, 100267, December 23, 2020
Figure 8. Efficiency Chart for the Cells Tested under Thermal Stress Listed in Table 1
Data from Raffaelle et al.39 for the SiC; Zhao et al.,40 Lien et al.,41 Williams et al.,43 and Huang et al.44
for the GaInN/GaNMQW; Philipps et al.49 and Maros et al.51 for the GaAs; Vadiee et al.53 for the (Al)
GaSb; Perl et al.55 for the 2J InGaP/GaAs; and Steiner et al.58 for the 3J GaInP/GaAs/GaInAs solar
cells (efficiency explicitly provided or calculable from other data). Note the break in the vertical
scale.
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rier concentration, and SQ efficiency limits calculations. Prior knowledge of the tem-
perature sensitivity of electrical and optical properties is required for selecting the
materials for the contacts and ARCs, respectively. Nevertheless, there are also a
large number of other parameters that govern the behavior of solar cells under ther-
mal stress in non-trivial ways.
Of course, the solar cells tested at high temperature in laboratory conditions suffer
from multiple losses, in addition to those considered in the ideal SQ limit. The anal-
ysis performed in this article has revealed that evaluating the deviations from the SQ
limit at each temperature is a fairmethod for comparing the performances of real cells
at different temperatures. In particular, for the open-circuit voltage, gauging these
deviations with a factor of kT seems to be quite appropriate. In the same way,
assuming linear temperature sensitivities of the open-circuit voltage, short-circuit
current, and fill factor, and hence using temperature coefficients, make sense over
a limited temperature range, but temperature coefficients seem to be inadequate
for relating the figures of merit at two temperatures very different from each other.
The 16 cases of cells tested at temperatures >100C and considered in the present
article have revealed that a cell optimally designed at room temperature may not
remain necessarily optimum at a much higher temperature. By way of illustration,
a recent article reports on the design of solar cells for operating at high temperature
in the lower atmosphere and at the surface of Venus where the temperature can
reach 465C.73 The article clearly demonstrates that the optimum high-temperature
cells differ in terms of their architecture, and sometimes in terms of their materials,Cell Reports Physical Science 1, 100267, December 23, 2020 17
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temperature of each physical parameter governing the PV effect, from optical gen-
eration of electrical charges to their collection, must be properly accounted for. If a
great wealth of information is available in the articles reporting on the selected
cases, then further research work is absolutely required.
Except for those dedicated to solar cells for space missions, the studies are not
driven by a specific application, and some of them cover a wide temperature range.
Optimal design is likely to be less challenging if temperature and concentration fac-
tor ranges are restricted with respect to the targeted application. Also, in operation,
the temperature of the solar cell results from the illumination, heat generation within
the system, and heat exchanges with the environment. Hence, it seems reasonable
to define first a set of specifications according to the desired functionalities. Almost
always non-existent, specifications related to heat generation and exchanges are
very different, depending on the application. For space missions, heat generation
in the cells must be minimized, while heat exchanged with the environment must
be maximized, to prevent an excessive temperature increase. On the contrary, in
the case of terrestrial hybrid systems involving solar-to-thermal energy conversion
devices, heat generation is essential so as to transfer this heat to the thermal part
of the converter (fluid in motion, thermoelectric element, heat engine). Conse-
quently, the design of the solar cells operating under thermal stress should consider
these thermal-management criteria, meaning in particular that specific optical solu-
tions will be needed for filtering out or absorbing photons with energy below the
bandgap, while keepingmaximum absorption of photons useful for the photovoltaic
effect.
In each case, a great deal of research is needed to fill the gaps. With a prior accurate
knowledge of the optical, electrical, and thermal properties at the operating tem-
perature, the application of the usual design, fabrication, and characterization steps,
new classes of solar cells withstanding temperatures from 100C to 400C—possibly
even higher—could be developed in the near future. Aging under thermal-stress
and life-cycle assessments would have to be carried out. Finally, it is worth
mentioning the existence of solar cells operating at the opposite side of the temper-
ature scale. These are PV devices for deep space missions working in low-intensity
low-temperature (LILT) environments,74 or even in terrestrial conditions in which
the idea to intentionally cool cells down to the 111 K liquefaction temperature of
liquified natural gas was proposed for boosting efficiency.75 Similarly, a comprehen-
sive set of research studies are required to develop solar cells specifically for low-
temperature conditions.ACKNOWLEDGMENTS
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